Two Portland cement pastes, CEM I 42.5R and CEM III/A 52.5N were exposed to leaching by soft water throughout a one-year hydration period. Mobility of trace elements was investigated by determination of their pore solution concentration in the course of time. Eleven trace elements were included in this research: antimony, arsenic, cadmium, chromium, cobalt, copper, mercury, nickel, lead, vanadium and zinc. The possible usage of the pore solution trace elements concentration in monitoring of deleterious leaching reactions and prediction of environmental risk was investigated.
INTRODUCTION
NTEREST in trace elements incorporated in Portland cement has increased over the last several decades due to the increased waste utilization as a partial substitution of primary raw materials and fuels in its production. Some of these elements are toxic or carcinogenic (arsenic, cadmium, cobalt, chromium, copper, mercury, nickel, lead) or present an important occupational risk (chromium, cobalt, nickel). [1] Transition metals (cobalt, chromium, copper, manganese, nickel, vanadium, titanium, zinc) also have influence on the process reaction during clinkerization and on the properties of the final product. [2] The mechanism and place of immobilization depends on the quantity of the trace element present in Portland cement. [3] At a low concentration, potentially hazardous trace elements are immobilized in the principal clinker phases: tricalcium silicate (further: alite), dicalcium silicate (further: belite), tricalcium aluminate (further: aluminate); tetracalcium aluminoferrite (further: ferrite), free lime or periclase. When the concentration of the element increases above the threshold limit, new phases are formed. [3] The binding mechanism of the specific trace element depends on its chemical properties. [4] These properties largely depend on the oxidative state of the element which is a function of the raw materials chemistry and production conditions. [5] A lot of research on incorporation of the trace elements in Portland cement has been carried out. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Oxidative states of chromium in Portland clinker are +3, +4, +5 and +6. [6] At high temperatures and in an oxidizing atmosphere during production the oxidative state +3 is the most stable one. Chromium in this oxidative state is concentrated in ferrite due to its replacement with Fe 3+ . Chromium ions in higher oxidative states (+4, +5) are smaller and replacement of Al and Si in the silicate phases is possible. [5] Sinyoung et al. have confirmed existence of individual phases of chromium in different oxidative states. [6] The oxidative states +2 and +3 have been confirmed for cobalt in clinker, being concentrated in the ferrite phase. [2, 5, 7] Copper and nickel are mainly incorporated in ferrite, followed by alite, aluminate and belite. [8] Formation of a copper solid solution in free lime has been confirmed for higher uptakes. [9, 10] Nickel can form an individual compound (MgNiO2) with magnesium. [11] Vanadium in clinker is present in the form of V2O5 and has preferential partition I towards belite. [2, 8] Bolio-Arceo et al. have confirmed that most of the zinc is present in form of a solid solution based on 6CaO·3ZnO·2Al2O3. [12] A small amount of the zinc is partitioned into the solid solution of the main clinker phases. [8, 13] Cadmium is incorporated in alite, belite and free lime. Belite has higher ability to incorporate cadmium than alite. [14] Metalloids, arsenic and antimony are present as individual phases, both in the oxidative state +5. [15] [16] [17] Incorporation of mercury and lead within the clinker phases has not been researched well. These elements are difficult to stabilize within the Portland clinker due to their volatility. They are concentrated in the filter dust or off gases. [18] Following the primary hydration, trace elements are transferred to the hydration products in the Portland cement paste. The most abundant hydration phases are: amorphous calcium silicate hydrate (further: C-S-H gel), calcium hydroxide (further: portlandite or CH); aluminate ferrate trisulfate (further: AFt) and aluminate ferrate monosulphate (further: AFm) and hydrogarnet. [19] Coke et al. have showed that trace elements can be immobilized by multiple mechanisms: chemisorption, precipitation, formation of surface compounds on any cement component surface, inclusion and chemical incorporation. [20] Cadmium, cobalt, nickel, lead and zinc are present in the Portland cement paste in the oxidative state +2. [18] For nickel and cobalt the oxidative state +3 has been also confirmed. [21] Immobilization of Cd 2+ ,Co 2+ , Pb 2+ and Zn 2+ within the AFt phase at the M 2+ site has been reported. [21, 22] Cadmium, lead and zinc also precipitate in the form of hydroxide, carbonate and nitrate mixed salts. [21, 23] Substitution of Ca 2+ by Pb 2+ ions in all hydrated phases has been suggested by different authors. [22, 24] Cadmium hydroxide provides the nucleation sites for precipitation of calcium hydroxide and the C-S-H gel. [23, 25] Chemical mobilization of cadmium in the C-S-H gel has been confirmed. [26] Sorption of cobalt on C-S-H in pure hydrated phases has been found. [27] Substitution of Al 3+ with Co 3+ ions in AFt was also reported. [21] Atkins et al. have showed that nickel is present in the form of a nickel hydroxide gel intermixed with C-S-H. [28] Formation of Ni-Al layered double hydroxides has been confirmed in the Portland cement paste. [29, 30] Sorption of nickel on the C-S-H gel has been also reported. [31] Zinc is immobilized in AFt and C-S-H phases. [18] It has a strong affinity for the hydrated ferrite phase. [32] For higher zinc concentrations precipitation of β 2-Zn(OH)2 and calcium zincate, Zn2Ca(OH)6 · 2H2O, has been reported. [33, 34] Ion exchange of calcium with copper in the C-S-H gel has been indicated. [27] Substitution of the sulphate ion in AFt with vanadate (VO4 -),chromate (CrO4 2-) and arsenate (AsO4 3-) has been experimentally confirmed. [34, 35] Incorporation in small quantities in the hydrogarnet, the substitution of Al in AFt and of Si in C-S-H have been reported for chromium in the oxidative state +3. [26, 32] Phenrat et al. have confirmed arsenic sorption on the C-S-H surface and formation of solubility-limiting Ca-As compounds. [36] Some authors have confirmed precipitation of magnesium and calcium arsenate in the amorphous rather than in the crystalline form. [16, 37] In the high alkaline media antimony exists as an antimonate oxo-anion (Sb(OH)6 -). The precipitation of calcium antimonate in the Portland cement paste is not supported due to its pH independent solubility. [38] Cornelis et al. have shown that antimonate forms a solid solution predominantly with AFm and the C-S-H gel. For the higher concentrations of antimony (1000 mg kg -1 ), the formation of romeite with a general formula Ca1+xSb2O6OH2-2x has been proposed. [39] The composition and the structure of romeite changes with pH and the concentration of available calcium ions. [40] Immobilization of mercury in AFt by physical encapsulation has been confirmed. [21] Small fractions of trace elements are dissolved in pore solutions within the capillary pores of hydrated Portland cement pastes. The pore solution has been considered as an alkali hydroxide solution with hydroxide ions, sodium, potassium, calcium, sulfate, silicon and aluminium as the principle dissolved ions. Relations between the concentration of principal ions in the pore solution and its variations at different times of hydration have been dealt with by a large number of investigators. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] A very detailed literature review of pore solution research has been given by Vollpracht. [52] Research on the trace elements in the pore solution is less often encountered in the literature. Kempel et al. have reported the total content of the selected trace elements (lithium, barium, strontium, iron, aluminium and silicon) in hydrated and carbonated Portland cement pastes. [53] The research of Díez et al. on immobilization of cadmium in the Portland cement paste has shown a low concentration of cadmium in the pore solution. [4] Vollpracht et al. have investigated development of the concentrations of selected elements (antimony, barium, chromium, lead, molybdenum and vanadium) in pore solutions of Portland cement pastes exposed to leaching throughout a 28 days period. [54] During the service life the Portland cement paste is exposed to weathering and degradation. Soft water containing a low concentration of dissolved ions in contact with the Portland cement paste induces decalcification. [55, 56] A decrease of calcium ions in the pore solution induces hydrolysis and leaching of the calcium containing hydration products. [57, 58] The susceptibility towards soft water decreases in the order portlandite, AFm, AFt. C-S-H gel. [59] Decalcification of the C-S-H gel gradually decreases the Ca/Si ratio. [60] In the leached Portland cement paste, the secondary precipitation of AFm, AFt and calcite, appears. [61, 62] Dissolution of portlandite induces macro-porosity of the cement paste and the loss of calcium from the C-S-H gel induces micro-porosity. [63, 58] The increased porosity and permeability and loss of mechanical strength are the key consequences in the structures exposed to leaching. [60, [64] [65] [66] These processes may affect immobilization of the trace elements and their concentrations in the pore solution, especially on the long term scale. Hooton et al. have shown that understanding of the pore solution chemistry can be used to understand deleterious reactions such as the alkali-silicate reaction, reinforcement corrosion resistance or delayed ettringite formation. [63] The increased mobility of the trace elements may increase the possible environmental risk.
Leaching appears in Portland cement pastes exposed to steam, fog, rainwater or groundwater. [67] This is a significant issue for structures constantly exposed to soft or acid waters such as dams, water tanks, pipes or nuclear waste storages. [60] It is also very important for the waste solidification and stabilization by Portland cement. [68] This paper summarizes results of the research on the mobility of eleven trace elements in Portland cement pore solutions exposed to leaching throughout a 365 day hydration period. The possible usage of the concentration of pore solution trace elements in monitoring of deleterious leaching reactions and prediction of the environmental risk was investigated. The tank leaching test was implemented and pure soft water was used as the leaching agent. The impact on the mechanical properties was monitored by measuring flexural and compressive strength. Two Portland cement types (CEM I 42.5R and CEM III/A 52.5N) and eleven trace elements were included in this research: antimony, arsenic, cadmium, chromium, cobalt, copper, mercury, nickel, lead, vanadium and zinc. The research is a part of boarder project dealing with levels of trace elements in construction products initiated by Institute IGH.
EXPERIMENTAL

Materials and Methods
Two types of Portland cement, CEM I 42.5R (further: CEM I) and blast furnace cement CEM III/A 52.5N (further: CEM III) according to the standard designation, were selected for this research. [69] Both cement types have Croatian origin. These two cement types were selected since they have different composition. Thus, different levels of trace elements were expected. Substitution of 35-64 % of clinker with granulated blast furnace slag in CEM III is allowed by standard HRN EN 197-1. [69] The maximum allowed clinker replacement for CEM I given by the same standard is 5 %. Cement composition was determined by the standard wet chemistry methods and are reported in Table 1 . [70] The diffraction patterns for CEM I and CEM III were recorded by the powder X-ray diffraction method (further: PXRD) on an Panalytical X'pert MPD PRO diffractometer in Bragg-Brentano geometry with CuKα1 radiation (λ = 1.5406 Å) and shown in Figure 1 . The Rietveld method was used for quantitative phase analysis using the Panalytical HighScore Software Suite. [71] The major clinker phases: alite, belite, aluminate and ferrite together with the glass phase were determined (see Table 2 ). The standard wet chemistry methods were used to determine major oxides. [72] The chemical compositions of used CEM I and CEM III are reported in Table 3 together with the abbreviations for the major oxides usually used to simplify the formulas.
Soft water was used to prepare and cure cement pastes and to encourage leaching. Levels of calcium and magnesium and the selected trace elements (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, V and Zn) in soft water were measured by inductively coupled plasma mass spectrometry, ICP-MS (Agilent 7800, Agilent, Santa Clara, CA, USA). The hardness ]. The standard procedure for water analysis without previous digestion was applied. [73] The total concentration of the selected eleven trace elements and hardness are reported in Table 4 .
Sample Preparation and Leaching
Cement pastes were prepared with the water to cement ratio (w/c) of 0.50 using the standard mortar mixer and the standard procedure with a modification in cement content: 1000 g of cement was used and the amount of water was adjusted to get w/c of 0.50. [74] Immediately after mixing, the prepared pastes were transferred to the standard moulds without undue compaction or vibration and the voids were removed by gentle tapping. Excess of the paste was removed by a gentle sawing motion with a straightedged ruler. The filled moulds were stored in a moist air cabinet at a temperature of 20.0 ± 1.0 °C and relative humidity not less than 90 % for 24 hours. The tank leaching test was used in this research with prismatic samples of dimensions 40 × 40 × 160 mm. The prepared samples were cured in plastic tanks filled with soft water at 20.0 ± 2.0 °C after demoulding ( Figure 2 ). The volume of water was adjusted to provide the ratio of the surface of the samples and the volume of water of 1 : 10. The plastic tanks with the stored cement pastes were covered with a plastic cover to prevent evaporation. No additional protection against carbon dioxide from air was used. Curing water was changed three times a week (Monday, Wednesday and Friday) to provide an aggressive attack of the water media during the hydration period. Cement pastes were cured for 2, 7, 28, 56, 90, 180 and 365 days.
Strength Determination
Flexural and compressive strength was determined on the prepared and cured prismatic samples according to the standard procedure. [74] The standard flexural and compressive testing machine was used. Standard rates of 50 ± 10 N s -1 for flexural and 2 400 ± 200 N s -1 for compressive strength were applied to break the prismatic samples. The flexural strength was calculated as the arithmetic mean of three, and the compressive of six individual results. The results are reported in Table 5 .
Obtaining Pore Solutions
Pore solution was expelled from the samples using the equipment shown in Figure 3 . It consisted of two steel bodies with two inner concentric cylinders where the tested samples were placed. The sample was followed by a piston, to which the pressure of 150 MPa and the gain power in 0.5 kN mm -2 s -1 was applied. The porous steel lamina was fitted on the bottom of the lower steel body just under the spiral recess connected with the drain tube which allowed draining of the fluid into the laboratory dish. The two cubic samples obtained after the flexural strength determination were used to expel the pore solution. No additional grinding or particle size reduction was done. The pH value of the pore solution was measured immediately after it was expelled from the cement paste using a pH meter (Mettler Toledo, MPC 227). It was stored in sealed plastic test tubes to prevent reaction with atmospheric carbon dioxide for 24 hours, until the analysis of the trace elements content was done. The measured pH values are reported in Table 6 .
Trace Elements Determination
Levels of the selected trace elements (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, V and Zn) in unhydrated cement and pore solution were measured by ICP-MS on the same instrument used for soft water analysis. Unhydrated cement (0.2000 ± 0.0001 g) was subjected to digestion (ETHOS UP Milestone device) using the mixture of nitric (2.0 ± 0.1 mL), hydrochloric (6.0 ± 0.1 mL), phosphoric (1.0 ± 0.1 mL) and (1.0 ± 0.1 mL) tetraflouroboric acid. The acid mixture contained aqua regia with the addition of tetraflouroboric acid to dissolve silicates, aluminium oxide and iron oxide. [75] The digestion program included 20 min heating to 220 °C and 15 min at 220 °C. The applied power of the digestion device was 1800 W. The digestion temperature, time program and the acid mixture were adjusted to ensure complete decomposition of the samples and provide a clear solution. The whole digested volume from the pressure vessel was transferred to a volumetric flask and filled up with ultra pure water to 50.0 mL. The pore solution was not subjected to digestion prior to the analysis. These samples were analyzed on the ICP-MS device with collision cell and by using the He mode to minimize the possible matrix and isobaric interferences. Additionally, the high matrix introduction plasma mode with 1 : 8 dilutions was used for cement analysis. The same acids used for the sample preparation or digestion were added to the blank and standard solutions to minimize the matrix effect. The calibration curves were created using a method blank without the trace elements and five or seven standard solutions (see Table 7 ). Equal portions of the internal standard solution were added to the blanks, standards and sample solutions. For each of the analyzed elements the appropriate internal standard was selected (see Table 8 ). The method blank (ultra pure water taken through the entire sample preparation), the calibration verification standard (mid-range standard used for the calibration curve) and the laboratory control sample (midrange standard solution prepared from a different source) were used for the quality control during the analysis of each batch of samples. All samples, quality control samples, blanks and standard solutions were measured in triplicate and the final result was reported as an average. The detection limit for each element was calculated from the average of ten-time repeated blank analyses plus the standard deviation. The clear sampler and skimmer cone were used for each batch analysis. The sensitivity data, the resolution / axis data and the lens parameters settings of the instrument were checked by tuning before the batch with a tune solution (1 ppb Li, Co, Y, Ce, Tl). Operating conditions of the instrument are shown in Table 9 . Content of the trace elements in CEM I and CEM III is reported in Table 10 . The development of trace elements pore solution concentration in the course of time is shown in Figures 4, 5 and 6. 
RESULTS AND DISCUSSION
Mass fraction of the major phases and elements in Tables 3  and 4 shows differences between CEM I and CEM III. The substantial glass content present in CEM III indicates that the principal source of these differences is the granulated blast furnace slag. It is a glassy material mainly consisting of silicon, aluminium and calcium oxides. [76] Currently it is accepted for modern clinkers to contain glass only in rare cases. [77] The glass phase content of 50-95 % has been confirmed in the granulated blast furnace slag depending on the cooling method type. [78] The final flexural and compressive strength reported in Table 5 shows a decrease within a one-year hydration period. In the 28 days hydration period no reduction in strength is observed. This indicates that hydration of both cement types in this period is not affected by leaching. The reduction of flexural strength of 46 % is observed for the CEM I paste after 365 days. For the CEM III paste the reduction of flexural strength of 53 % is observed after 180 days. Both, CEM I and CEM III pastes lose compressive strength after a 365 days hydration period for 13 % and 61 %, respectively. The decline in flexural and compressive strength is the result of the long-term leaching process. Our finding is in full agreement with the works of other authors. [64, 65] Table 10 shows total concentration of the eleven trace elements in anhydrous CEM I and CEM III. The concentration of all elements, except mercury and lead, are higher in CEM III. These data correspond with findings of the other authors for the same cement types. [18] The substitution of clinker by granulated blast furnace slag increases the trace elements concentration in CEM III, except for mercury and lead. The pure cement constituents, clinker, gypsum and slag, were not available for this research. Thus, a deep study of input pathways of the trace elements in cement within this research was not possible. Determined trace elements can be divided in two groups: elements with a concentration above 5 ppm (Co, Cr, Cu, Ni, Sb, Zn and V) and elements with a concentration below 5 ppm (As, Cd, Hg and Pb). Low concentration of some elements is connected with their volatility. Arsenic, cadmium, mercury and lead are considered as highly or moderate volatile elements in the cement kiln system. As it was mentioned in the literature review, they are hardly stabilized in Portland clinker. [18] The other elements included in this research are considered as non-volatile, well incorporated within the clinker phases and thus highly abundant in cement. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] All selected trace elements in CEM I and CEM III pore solutions except chromium, vanadium and cobalt show a similar behaviour within a one-year hydration period. Concentration of the soluble trace elements in the pore solution, shown in Figures 3, 4 and 5, support their low solubility and immobilization in the highly alkaline cement paste. The extremely low pore solution concentration of arsenic, cadmium, mercury and lead corresponds to their low abundance in anhydrous cement. Cadmium and lead show a constant value in the course of time. Our finding for cadmium is similar to the work of Díez et al. reported for Portland cement pastes with a higher cadmium content exposed to degradation by carbonation. [4] The mobility of cadmium is not correlated with its total content. Our finding for lead contradicts with the work of Vollpracht et al. who observed a slight increase of the lead pore solution concentration for pastes with a higher lead content exposed to leaching during a 28 days-hydration period. [54] Mobility of lead is correlated to its total content. The alkalinity of pore solution reported in Table 6 strongly limits the mobility of cadmium and lead and they are not affected by leaching. Mercury behaves similarly to cadmium and lead but shows the highest solubility among the trace elements included in this research. This indicates that the higher content of mercury incorporated in the clinker phases could potentially present an environmental risk. A slight increase of the arsenic pore solution concentration indicates decrease in the calcium hydroxide content caused by leaching, therefore the higher content of arsenic in the cement paste could possible present an environmental risk.
The lower concentration of antimony at the beginning of hydration increases in the course of time in CEM I as well as in CEM III pore solutions. Our finding for antimony is in agreement with that in the work of Vollpracht et al. [54] As it was described in the literature review, immobilization of antimony depends on the pH value and the calcium concentration. Table 6 shows a decrease of the pH value for CEM I and CEM III pore solutions. The increased solubility of antimony supports decalcification of hydrated cement phases caused by leaching. Antimony incorporated in the clinker phases could potentially present an environmental risk. Increase of the copper concentration in the pore solution is observed after 7 days. As it was mentioned in the literature review the only indicated mechanism of copper immobilization in the cement paste is the ion exchange with calcium from the C-S-H gel. [27] Our finding for copper indicates degradation of C-S-H and a potential environmental risk.
A quite high concentration of zinc decreases in the course of time. Our results correspond well with immobilization of zinc in different hydration phases proposed by other authors. [21] [22] [23] Despite the decrease of pH values of the pore solutions, they are still alkaline. Mobility of zinc increases below pH 7. Behaviour of zinc in the pore solution does not indicate any deleterious reaction. Decreasing tendency is observed for nickel, too. Nickel is present in the form of hydroxide in the cement paste. [28] Solubility of nickel hydroxide is pH dependent. In high alkaline media, at a pH above 11, solubility of nickel increases. The decrease of nickel concentration in the pore solution corresponds to the decrease in pH, Table 6 . Nickel behaviour in the pore solution indicates a deleterious reaction in the cement paste.
Chromium and vanadium show an increasing but a less clear trend. Cobalt pore solution concentration is scattered. A difference in behaviour of these elements in CEM I and CEM III pastes is observed. This indicates possible different incorporation of chromium, vanadium and cobalt within hydrated and non-hydrated CEM I and CEM III. It was not possible to correlate our results for these elements with degradation of the cement paste caused by leaching. The behaviour of these elements should be carefully considered in the environmental risk assessment due to ups and downs observed for these elements.
CONCLUSION
The leaching effect decreases the strength of the cement pastes after 180 days under the given experimental conditions. This indicates the need for long-term further tests.
Similar behaviour was observed for all selected trace elements in CEM I and CEM III pore solutions except for chromium, vanadium and cobalt. The possible different immobilization mechanism for these elements is indicated.
The observed trend of increasing concentrations in pore solutions of arsenic, mercury, antimony and copper and a decrease trend of nickel corresponds with the strength decrease for CEM I and CEM III and supports chemical degradation by leaching. Behaviour of chromium, vanadium and cobalt cannot be related to degradation by leaching due to observed ups and downs of their concentrations in pore solutions. Zinc, cadmium and lead are well immobilized in the hydrated cement pastes and are not affected by leaching. The observed increased concentration of arsenic, mercury, antimony and copper could possible present an environmental risk as well as the scattered behaviour of chromium, vanadium and cobalt. In the given experiment conditions nickel, zinc, cadmium and lead do not present an environmental risk.
The research work presented in this article shows that the trace elements have a potential to be used in durability investigations on cement pastes. Deep understanding of the trace elements immobilization in clinker and hydrated cement pastes as well as degradation reactions is necessary for this purpose.
